Introduction
When the female hamster mates shortly after the onset of oestrus, thousands of spermatozoa quickly enter the isthmic region of the oviduct (Yanagimachi & Chang, 1963; Smith et ai, 1987) . These spermatozoa remain in the isthmus for nearly 8 h until about the time of ovulation when a relatively small number ascend to the ampulla to participate in fertilization (Smith et ai, 1987) . Sperm storage in the isthmus also occurs when females mate during ovulation, but the storage period is shorter (Smith et ai, 1987) . Sperm storage in the oviducal isthmus during the preovu¬ latory period is not unique to the hamster. It also occurs in guinea-pigs (Yanagimachi & Mahi, 1976) , rabbits (Overstreet & Cooper, 1978) , sheep (Hunter et ai, 1982) , pigs (Hunter, 1984) , cows (Hunter & Wilmut, 1984) , and mice (Suarez, 1987) . Little is known about how the spermatozoa are sequestered in the isthmus. Several mechanisms have been suggested, including localized constric¬ tion of the isthmus (Suarez, 1987) , the trapping of spermatozoa in viscous isthmic mucus (Jansen, 1978) , depressed sperm motility in the isthmus (Overstreet & Cooper, 1975; Suarez, 1987) , and sperm attachment to the mucosal surface (Cooper et ai, 1979; Flechon & Hunter, 1981; Smith et ai, 1987; Suarez, 1987) .
When we removed hamster spermatozoa selectively from the lumen and mucosal surface of the oviducal isthmus by flushing, we found that the percentage of live spermatozoa was much higher among spermatozoa attached to the mucosal surface than those free in the lumen (Smith & Yanagimachi, 1990) , implicating the importance of the mucosal surface in maintaining sperm viability during storage. However, we did not determine whether the spermatozoa attached to the isthmic mucosa are capable of detaching and ascending to the ampulla to fertilize eggs. The present study was (Orsini, 1961 (Smith & Yanagimachi, 1990) . For the present study, we modified this technique to allow selective removal of spermatozoa from the oviduct in situ. At 3 or 6 h after the onset of mating, females were removed from the male's cage, anaesthetized with ether and the right oviduct was exposed through a 1-cm flank incision. The first loop of the ampulla was ligated and pierced with a micropipette attached to a 100-µ1 glass syringe mounted in a microinjector (Fig. 1) . When an oviduct was flushed before ovulation (at 11:00 h, i.e. 3 h after mating), the tip of the micropipette was inserted through the wall of the ampulla. When an oviduct was flushed during ovulation (at 14:00 h, i.e. 6 h after mating), the tip was inserted through the wall of the cephalic isthmus to leave the egg-cumulus complex undisturbed. ( µ /ß ) , and so the faster rate of flushing was used in this study. Immediately after flushing, the ligature was removed from the ampulla.
To prevent spermatozoa in the uterus (including those carried down to the uterus by flushing) from entering the flushed oviduct, 0-2 ml saline (0-9% (w/v) NaCl) was introduced into the right uterine lumen through a 20-gauge needle attached to a 1-ml tuberculin syringe. The diluted uterine spermatozoa were drawn into the syringe and discarded. The uterine lumen was then filled with distilled water (0-2 ml) and left for 1-2 min to kill any remaining spermatozoa. The distilled water was withdrawn and the uterine lumen was rinsed with saline. The uterine apex (intramural isthmus) was then ligated with a 6-0 suture (Dermalon: Davis and Geek, Manatí, Puerto Rico) to prevent any spermatozoa that remained in the uterotubal junction from entering the isthmus. The oviduct was returned to the peritoneal cavity and the incision closed. The left side of the genital tract of each female was left untouched and served as the control. The entire operation took about 10 min. As an additional control, sham operations were performed on 3 females. Sham operations were performed in a manner identical to the flushing procedure outlined above (including puncture of the oviduct) except that oviducts were not flushed.
To determine the effect of flushing the oviduct in situ on the viability of the spermatozoa remaining in the oviduct, oviducts were removed after flushing in situ and spermatozoa were observed directly through the oviducal wall (Smith & Yanagimachi, 1990 ).
Examination ofeggs afterflushing in situ. At about 20 h after flushing the oviducts, females were killed with 100% C02 and their oviducts were removed. The right (experimental) and left (control) oviducts were placed in separate watchglasses and flushed with 0-2 ml F-12 medium. Recovered eggs were mounted between a slide and coverslip and examined for evidence of fertilization (the presence of a sperm tail in the ooplasm) and development.
Determination of the number ofspermatozoa remaining in the oviduct afterflushing. To interpret the results of the above fertilization experiments, it was necessary to determine the number of spermatozoa that remained attached to the isthmic mucosa after flushing in situ. To accomplish this, right oviducts were flushed with 30, 90 or 180 µ of medium at 3 h after the onset of mating as previously described. Immediately after flushing, the right and left oviducts were fixed with AFA fixative (Orsini, 1962) , serially sectioned (10 µ ) and stained. The number of spermatozoa in the caudal isthmus was determined using the method of Smith et al (1987) . Three females were used for each experiment. Due to the large degree of variability in the number of spermatozoa found in the caudal isthmus of different oviducts (see Table 2 ), the percentage, rather than the absolute number, of spermatozoa remaining in the caudal isthmus was used for comparison. The percentage of spermatozoa remaining in the caudal isthmus after flushing was calculated from: [no. of spermatozoa in the flushed caudal isthmus/no. of spermatozoa in the unflushed caudal isthmus] 100. This calculation is based on the assumption that equal numbers of spermatozoa enter the right (flushed) and left (control) oviducts. Although there is a variation in the number of spermatozoa found in the right and left oviducts of an individual female and between individuals, neither side consistently contains a large number of spermatozoa (Smith el al, 1987) . In a previous study (Smith & Yanagimachi, 1990) , we showed that the number of spermatozoa attached to the mucosa of the caudal isthmus remains constant during the pre-and peri-ovulatory periods. Therefore, the percentage of spermatozoa remaining in the caudal isthmus provides a valid means of comparison.
Introduction of uncapacitated and capacitated spermatozoa into the oviducts of unmated females. To determine whether sperm attachment to the oviducal mucosa is influenced by the capacitation status of the spermatozoa, suspensions of uncapacitated and capacitated spermatozoa were introduced into the oviduct and the spermatozoa were assessed for their ability to attach to the mucosa. Uncapacitated and capacitated spermatozoa were prepared as follows. A highly motile suspension of cauda epididymal spermatozoa were prepared by a 'swim-up' method (Uto et al, 1988) in a modified Tyrode's medium, m-TALP (Yanagimachi, 1982) , containing 0.5 mM-hypotaurine instead of taurine. An aliquant (0-3 ml) of sperm suspension (1-2 106 cells/ml) was incubated under mineral oil (Squibb, Princeton, NJ, USA) for 0 to 3 h (Yanagimachi, 1982) . Spermatozoa incubated for 3 h were considered 'capacitated'. At this time, more than 90% of these spermatozoa exhibited hyperactivated motility, but the incidence of spontaneous acrosome reaction was less than 1% as assessed by phase-contrast microscopy. Spermatozoa used immediately after 'swim-up' (0% hyperactivated, 0% acrosome reacted) were considered 'uncapacitated*.
Oviducts were isolated from mature unmated females at 11:00 h (about 2-3 h before ovulation), placed in a prewarmed (37°C) watchglass and 50 µ of either capacitated or uncapacitated sperm suspension were introduced into each oviduct. Approximately 5 µ (about 7-5 IO3 spermatozoa) of sperm suspension were retained by each oviduct. After introducing sperm suspensions, 6 oviducts were immediately transferred into prewarmed medium and, 15 min later, each oviduct was flushed with 50 µ warm m-TALP to remove any unattached or loosely attached spermatozoa. These oviducts were fixed, serially sectioned, and the number of spermatozoa attached to the oviducal mucosa was counted. Four other oviducts were each mounted between a slide and coverslip, slightly compressed and examined for the behaviour of spermatozoa within the oviduct by viewing them through the oviducal wall (Smith & Yanagimachi, 1990) Number of spermatozoa remaining in the isthmus after flushing in situ Neither the volume of flushing medium (30, 90, 180 pi) nor the time of flushing (3 or 6 h after mating) had a significant effect on the percentage of spermatozoa remaining in the caudal isthmus ( Table 2) .
Binding of uncapacitated and capacitated spermatozoa to the oviducal mucosa There was a significant difference (/ test) between uncapacitated and capacitated spermatozoa with respect to their ability to attach to both the isthmic mucosa ( ^0 -5) and the ampullary mucosa ( < 0-5). Capacitated spermatozoa were virtually unable to attach, whereas many uncapacitated spermatozoa attached firmly to both the isthmic and ampullary mucosa (Table 3) . When we examined spermatozoa through the oviducal wall immediately after introducing the sperm suspensions, capacitated (hyperactivated) spermatozoa swam freely within the lumen and (Nilsson & Reinius, 1969) and this was considered as a possible mechanism for immobilizing the spermato¬ zoa in the isthmus (Suarez, 1987) . Although localized constrictions do occur in the hamster isthmus during the preovulatory period (Battalia & Yanagimachi, 1979) , they are transient in nature and appear to be responsible for mixing the luminal contents rather than immobilizing spermatozoa. Jansen (1978) suggested that a viscous mucus present in the isthmus of oestrous rabbits inhibits sperm passage through the isthmus. The oviduct of the oestrous hamster does not contain any distinct mucus (T. T. Smith & R. Yanagimachi, unpublished observations), but it does contain cell debris similar to that observed in the mouse oviduct (Suarez, 1987) , presumably derived from apocrine secretion of the mucosa. The role of this luminal debris in sperm transport is not clear, but it may act as a 'plug' to inhibit sperm ascent (Smith & Yanagimachi, 1990 ). However, this debris is still present in the lumen near the time of ovulation when spermatozoa begin to ascend to the ampulla (T. T. Smith & R. Yanagimachi, unpublished observations), so it does not act as an absolute barrier to sperm transport.
In the rabbit, the motility of spermatozoa recovered from the isthmus is depressed (Overstreet & Cooper, 1975) and this has been suggested as the major cause of limited sperm ascent in this species (Cooper et ai, 1979 ). When we examined hamster spermatozoa through wall of the oviduct following natural mating, we also observed many immotile (dead) spermatozoa in the isthmic lumen (Smith & Yanagimachi, 1990) . At the same time, we observed many motile spermatozoa attached to the isthmic mucosa. In the hamster, this mucosal attachment appears to be the major factor responsible for the temporal storage of fertilizing spermatozoa in the isthmus.
In a previous study (Smith & Yanagimachi, 1989) , we collected fertile spermatozoa from the isthmus of mated hamsters, but were not certain whether these spermatozoa had been bound to the mucosa. Presumably some of them may have been recovered from the lumen and others from the mucosa. In the present study ( (Smith & Yanagimachi, 1990) and the results of the present study, suggest that the majority of eggs are probably fertilized by spermatozoa that temporarily attach to the isthmic mucosa during storage.
Contact between spermatozoa and the mucosa is known to be beneficial for sperm survival both in vitro (Pollard et ai, 1990) and in vivo (Smith & Yanagimachi, 1990) (Cummins & Yanagimachi, 1982; Smith et ai, 1987) , only a very small fraction of the thousands of spermatozoa stored in the isthmus must be released from the mucosa before and during fertilization. One of the experiments of the current study demonstrated that the spermholding capacity of the isthmic mucosa remained virtually unchanged before and during ovulation (Table 2) . Therefore, it must be a change in sperm characteristics that is responsible for sperm release from the isthmic mucosa. Sperm capacitation appears to be involved in this change, as capacitated spermatozoa lose their affinity for the oviducal mucosa ( 
